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SI Materials and Methods
All single molecule FRET (smFRET) data analyses, including
burst search, burst selection, and BVA, were performed using
FRETBursts, a Python-based open-source burst analysis toolkit
for confocal smFRET (41). A dual-channel burst search (42) was
performed to isolate the photon streams from species containing
FRET pairs versus background noise and species containing
donor or acceptor only. Each burst was identified as a minimum
of 10 consecutive detected photons with a photon count rate at
least 15-fold higher than the background photon count rate
during both donor and acceptor excitation periods. Since the back-
ground rate can fluctuate within a measurement, the background
rate was computed for every 50-s interval according to maximum
likelihood fitting of the interphoton delay distribution. The iden-
tified bursts were further selected according to the following cri-
teria: (i) nDD + nDA ≥ 25 and (ii) nAA ≥25, where nDD is the
number of photons detected from donor during donor excitation,
nDA is the number of photons detected from acceptor during donor
excitation, and nAA is the number of photons detected from ac-
ceptor during acceptor excitation.
The relative E* and stoichiometry (S) for each burst were
calculated using the following equations:
Ep =
nDA
nDD + nDA
, [S1]
S=
nDD + nDA
nDD + nDA + nAA
. [S2]
E* corresponds to actual FRET efficiency if three conditions are
met: (i) no donor fluorescence leaks into the acceptor detection
channel (lk = 0), (ii) no acceptor is directly excited by the donor
excitation laser (dir = 0), and (iii) the quantum yields and
detection efficiencies for donor and acceptor are the same
(γ = 1) (43). Although these conditions are not met in most
cases, the contributions of lk, dir, and γ to the actual FRET
efficiency are constant as long as the same optical setup and
FRET pair are used throughout all measurements. Impor-
tantly, we did not observe significant changes in the quantum
yields of donor and acceptor dyes depending on local environ-
ments (Fig. S3 E–G). Therefore, conformational changes in
Get3 that change the actual FRET efficiency will also change
the E* value, and the trend of the changes with different
binding partners will be the same. FRET histograms were
obtained by 1D projection of 2D E*-S plots onto the E* axis
after dual-channel burst search.
To determine the statistical significance of the differences
between FRET histograms, we adapted the nonparametric two-
sample Kolmogorov–Smirnov (K-S) test (44, 45). As noted ear-
lier, the K-S test tends to be overly sensitive to data with a large
sample size, and we found the same to be true if this test was
applied without modification to single-molecule data; moreover,
it is important to distinguish between statistical versus biological
significance of the difference between histograms for different
sets of data, which contain intrinsic variability from instrument,
sample preparation, and other factors (46, 47). To obtain more
reliable comparisons, we regenerated FRET histograms from
randomly selected subsets (with sample size m) of the complete
data for each experimental condition and performed the K-S
test. Ten repetitions of this process generated a statistical sig-
nificance score, defined as the fraction of comparisons that
gave P < 0.05, for each value of m. This process was repeated
five more times for each value of m and for data subsets with
different m values, and the dependence of the statistical sig-
nificance on sample size was plotted. Molecules with E* <
0.3 were excluded from the histograms in this analysis, as the
low FRET bursts could arise from photophysical artifacts and
were not interpreted in this study. As shown in Fig. S5 G and
H, the statistical significance of the difference remains low
even at high m (>4,000) for histograms that are the same or
similar, whereas the statistical significance of the difference
increases rapidly with increasing m for histograms that are
different.
BVA was performed to investigate submillisecond dynamics of
Get3 as described (23). Eq. S3 was used to compute the static
limit, defined as the expected SD of a FRET distribution due to
photon statistics (shot noise) for a given E*:
σEp =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Epð1−EpÞ
n
r
, [S3]
where n= nDD + nDA. The observed mean FRET SD (SD of E*)
for each molecule was computed using Eq. S4:
SD  of   Ep =
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vuut , [S4]
in which e* and E* are relative FRET efficiencies (calculated
from Eq. S1) of a subburst (a subset of each burst that con-
tains a constant number of consecutive photons) and a burst,
respectively, and M is the number of subbursts in the burst.
A subburst size ðnsub = nsub,DD + nsub,  DAÞ of five was used in
this study.
To quantitatively represent the dynamics of molecules from the
BVA, we calculated a dynamic score (DS) for each sample as
follows. To reduce error that could arise from individual
bursts, which contain a small number of subbursts, we first
binned bursts along the E* axis into 20 bins with a bin width of
0.05. All of the subbursts within bursts in each bin were then
used to calculate the mean FRET SD for each bin (SDE*)
using Eq. S5 (23):
SDEp =
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX
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XMi
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"
epij − μP
Mi
#vuuuuut , [S5]
where μ=
P
i  where
L≤Epi <U
PMi
j=1½epij=
P
Mi, L is the lower bound (E* −
0.025) of the bin, U is the upper bound (E* + 0.025) of the
bin, Mi is the number of subbursts in the ith burst, and eij* is
the relative FRET efficiency of the jth subburst in the ith burst.
The DS was calculated using Eq. S6 (23):
DS=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX
SDEp−SDEp ,static>0

SDEp − SDEp ,static
2s , [S6]
where SDE*,static is the SDE* of simulated static molecules using
the Monte Carlo method. To ensure that the score reports on
the dynamics of the majority of the molecules in a given sample,
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only bins with ≥8% of the total number of bursts in the entire
FRET histogram were used to calculate DS, and the SDE* values
for each of these bins are denoted with triangles in BVA plots.
To take into account the different numbers of bursts in each bin,
we also computed a weighted dynamic score (WDS) to weight
bins according to their size using Eq. S7:
WDS=
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃX
SDEp−SDEp ,static>0
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where NE* is the number of bursts in each bin.
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Fig. S1. Monitoring Get3 conformational changes using μs-ALEX. (A) Schematic depiction of the μs-ALEX method. Donor and acceptor dyes labeled on
Get3 were alternatively excited as they diffused through a confocal volume. Both the donor-to-acceptor S and relative E* were determined for individual
Get3 molecules, allowing for optical purification of doubly labeled Get3 (S ∼ 0.5; cyan bracket) and differentiation of Get3 conformations displaying different
E* values. FRET histograms were obtained by 1D projection of 2D E*-S histograms onto the E* axis after isolating double-labeled Get3. (B) Representative E*-S
histogram of stochastically double-labeled apo-Get3 showing both single- and double-labeled Get3 populations. (C) Representative E*-S plot of apo-Get3 after
a dual-channel burst search to isolate doubly labeled Get3. (D and E) Representative E*-S plots for a 1:1 mixture of donor-only and acceptor-only labeled
Get3 before (D) and after (E) a dual-channel burst search. The absence of substantial colocalization of the donor and acceptor fluorophores indicates no
significant exchange of Get3 subunits on our experimental timescale.
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Fig. S2. Replicates of the FRET histograms for apo-Get3. The orange outline shows the histogram generated by combining all of the data.
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Fig. S3. Controls for dye photophysics in μs-ALEX measurements of Get3. (A–D) FRET histograms of Get3 in the apo- and ADP-, ATP-, and Get1CD-bound
states, respectively, for Get3 double-labeled with ATTO 550 and ATTO 647N. All of the FRET histograms are shifted to higher E* compared with Cy3B- and
ATTO 647N-labeled Get3, as expected from the longer Förster radius of the ATTO 550-ATTO 647N pair. Nevertheless, the ligand-induced changes in the FRET
histograms follow the same trends as those measured with the Cy3B-ATTO 647N pair. The letter “n” denotes the number of observed doubly labeled molecules
used to generate each FRET histogram. (E and F) Effects of ligands on the steady-state fluorescence spectra of Cy3B-labeled Get3 and ATTO 647N-labeled Get3,
respectively, measured using a Fluorolog 3-22 spectrofluorometer. Saturating amounts of each interaction partner (2 mM ATP, 4 mM ADP, 10 μMGet1CD, 4 μM
Get4/5) were used. Most interaction partners did not significantly affect Cy3B or ATTO 647N fluorescence. ATP modestly reduced the fluorescence for both
Cy3B and ATTO 647N, which should not significantly affect calculated FRET. arb., arbitrary. (G) TA substrate did not significantly affect the peak photon rate for
both Cy3B and ATTO 647N, determined using the μs-ALEX setup for single-labeled Get3. This suggests that the TA substrate does not affect the photophysics of
the FRET pair on Get3.
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Fig. S4. (A) Scheme of the TA targeting and insertion assay. Purified Get3•TA was presented to the ER from Δget3 yeast with or without nucleotide and/or
Get4/5. Successful TA insertion results in glycosylation (glyc) of its C-terminal opsin tag, which can be visualized as a molecular weight shift after SDS/PAGE.
(B) Purified Get3BDP•TACM (12) was presented to indicated concentrations of a TA trap, intein-cpSRP43 (28), and TA dissociation from Get3 was monitored
through loss of FRET. The observed rate of TA dissociation is independent of trap concentration, indicating that intein-cpSRP43 acts as a passive trap to
measure the intrinsic rate of Get3•TA spontaneous dissociation. The reported kdissociation value represents mean ± SD from the three measurements.
(C) Structure of apo-Get3 (PDB ID code 3A36) highlighting helix α8 (cyan) that is resolved in one of the Get3 subunits (yellow). The residues preceding and
following α8 are highlighted in cyan in the other Get3 subunit (salmon). (D) Visualization of purified Get3•TA complexes, assembled with wild-type Get3 or
mutant Get3(Δα8), by in gel fluorescence (for Get3) and autoradiography (for TA). (E) Thermodynamic cycle showing the coupling of the TA-binding equi-
librium (denoted by KTA and KTA′ for closed and open Get3, respectively) to the conformational equilibrium of Get3 opening (denoted by Kopen and Kopen′ for
free and TA-loaded Get3, respectively).
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Fig. S5. Differences between FRET histograms of indicated wild-type and mutant Get3 complexes (A–D) and between replicates of μs-ALEX measurements for
Get3•TA and Get3(E251A)•TA samples (E and F) are shown. The differences in the FRET histograms shown in A, C, and D between wild-type and mutant
Get3 are systematic. In comparison, the differences in the FRET histograms between replicates of data shown in E and F are randomly distributed across E*, and
the difference in the FRET histograms shown in B is smaller and more random. (G and H) Adapted K-S tests to evaluate the significance of the differences
between the FRET histograms of the indicated samples (SI Materials and Methods). The F (P < 0.05) values at each sample size m denote the fraction of 10 K-S
tests from randomly selected subsets of data that yielded a statistically significant difference (P < 0.05), and were reported as mean ± SD, with n = 5. Adapted
K-S tests for molecules from the same sample usually result in P > 0.05 regardless of m (pink and dark blue lines in H), and serve as negative controls for the
absence of a significant difference. Histograms for which the F (P < 0.05) value rises slowly with m are considered similar (black line in G and light blue line in
H). Histograms for which the F (P < 0.05) value rises quickly with m are interpreted as significantly different (navy and red lines in G and black, orange, and
green lines in H).
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Fig. S6. Interactions at the Get3 ATPase site and the Get3–Get4 interface. (A) Network of interacting residues at the catalytic site across the Get3 dimer
interface. Get3-D57 is positioned near the γ-phosphate and coordinates the nucleophilic water. Get3-N61 forms a salt bridge with Get3-E251 from the op-
posing Get3 monomer (PDB ID code 2WOJ). ADP•AlF4− is shown in space-fill. (B) Get3 interacts with Get4 via two interfaces: an anchoring interface (magenta
spheres, which highlight residues whose mutations reduce the affinity between ATP-bound Get3 and Get4/5) and a regulatory interface (blue spheres, which
highlight conserved residues that may contact Get4/5) (9). (C–E) ATP concentration dependences of observed ATP hydrolysis rate constants for wild-type
Get3 and the mutants Get3(E251A) and Get3(D57N), respectively. (F) Summary of Km and kcat values for wild-type and mutant Get3s derived from the data in
C–E. All values are reported as mean ± SD (n ≥ 2). Get3(E251A) and Get3(D57N) retain high-affinity ATP binding but are defective in ATP hydrolysis.
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Fig. S7. Purification of wild-type and mutant Get3•TA complexes, and determination of ATP content in Get3 and Get3•TA. (A–C) Gel filtration chromato-
grams for recombinantly expressed and purified Get3•2xStrep-Sbh1 complexes made with Get3(WT), Get3(E251A), and Get3(D57N), respectively. Green and
purple lines denote A280 and A260 readings, respectively, normalized to the peak A280 value. Fractions corresponding to the dominant peak were collected for
each complex. The difference in elution volumes of recombinant wild-type and mutant Get3•TA has been noted previously (13). Get3(D57N)•TA displays a
higher ratio of A280 to A260 compared with Get3(WT)•TA and Get3(E251A)•TA, consistent with the higher ATP retention in this mutant complex determined in
D. (D) Luminescent ATP detection kit was used to determine the ATP concentrations for different Get3 and Get3•TA samples at 1 μM. Get3(D57N) shows higher
nucleotide retention compared with Get3(E251A) and Get3(WT). All values are reported as mean ± SD, with n = 3.
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Fig. S8. Replicates of equilibrium titrations to measure the binding affinity of Get4/5 for wild-type and mutant Get3 in the ATP-bound state (A), for wild-type
and mutant Get3 loaded with the TA substrate (B and C), and for the binding of Get4(D74K)/5 to wild-type and mutant Get3•TA complexes (D and E) are
shown. The measurements in B and D were performed in parallel, as were the measurements in C and E. arb., arbitrary.
Table S1. Summary of equilibrium binding affinities between Get4/5 variants and Get3 variants
in different substrate and nucleotide states
Get4/5 construct Get3 complex Nucleotide Kd, μM
Wild type Wild type ATP 0.016 ± 0.002
D57N 0.017 ± 0.003
E251A 0.032 ± 0.008
Wild type•Sbh1 None added 1.5 ± 0.2
D57N•Sbh1 0.072 ± 0.006
E251A•Sbh1 0.062 ± 0.03
Wild type•Sbh1 AMPPNP 0.017 ± 0.004
D57N•Sbh1 0.060 ± 0.001
E251A•Sbh1 0.035 ± 0.007
D74K Wild type ATP 0.075 ± 0.002
D57N 0.12 ± 0.04
E251A 0.14 ± 0.09
Wild type•Sbh1 None added 2.2 ± 0.3
D57N•Sbh1 0.78 ± 0.08
E251A•Sbh1 1.8 ± 0.8
Wild type•Sbh1 AMPPNP 0.35 ± 0.01
D57N•Sbh1 0.42 ± 0.2
E251A•Sbh1 0.70 ± 0.4
All values are reported as mean ± SD (n ≥ 2).
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